Abstract The bone marrow (BM) is the site of disease in myeloma and possesses unique immune characteristics involved in the pathobiology of the disease. Interactions of plasma cells with stromal cells, osteoclasts, osteoblasts, myeloid and lymphoid cells make up the unique bone marrow milieu that mediates myeloma disease progression.
Introduction
Plasma cells secrete antibodies in response to antigenic stimulus and mediate the humoral response. In multiple myeloma (MM), plasma cells show features of postgerminal center modifications with somatic hypermutation and features of long-lived plasma cells. Multiple myeloma is a clonal plasma cell malignancy that is diagnosed in approximately 20,000 new patients each year with 11,000 patient deaths reported annually. While significant progress has been made in treating this disease, median survival remains 5 years from diagnosis [1] .
Myeloma falls into a category of plasma cell dyscrasias. The earliest stage of these disorders is a monoclonal gammopathy of unknown significance (MGUS). This is a premalignant state in which the risk of progression of MM averages 1% per year and is categorized only by an abnormal monoclonal spike without end organ dysfunction. Smoldering MM shows a higher disease, between 10% and 30% plasma cell bone marrow involvement and a 10-20% per year conversion to active disease [2] [3] [4] . Increasing evidence demonstrates that the endogenous immune response towards the plasma cells has a critical role in preventing progression to active MM. Specifically, SOX-2 specific T cells are present in MGUS and undetectable in patients with MM [5] . Considering that SOX-2 is a putative stem cell antigen, this data suggests that immune surveillance plays a critical role in preventing disease progression to active MM.
The bone marrow plays a major role in normal immune function and contains multiple cell types that are both influenced by the MM microenvironment and likely contribute to disease advancement. Decreases of regulatory T cells (Tregs) [6] [7] [8] , natural killer (NK) cell dysfunction [9, 10] , and dendritic cell impairment [11] have all been described in myeloma and likely play a role in disease progression.
In recent years there has been an increased understanding of the biology of the disease and the development of several novel treatment options [12] [13] [14] . Immunomodulatory drugs alone or in combination are increasingly becoming standard therapy for patients with myeloma [15] [16] [17] [18] . Furthermore immunotherapeutic vaccine strategies [19, 20] and adoptive T cell therapies [21] [22] [23] represent exciting new arenas of exploration in myeloma therapy.
This review will elucidate the role of the immune system in myeloma and highlight how these cell interactions lead to disease progression and immune evasion. Finally, it will provide an overview of immunotherapeutic strategies currently available and in development for the treatment of multiple myeloma.
The Bone Marrow and the Immune Cells Involved in Myeloma
The complex nature of the bone marrow (BM) microenvironment involves the interaction of multiple cell types. Mature B cells and/or potentially myeloma stem cells undergo post-germinal modifications and develop into clonal plasma cells which migrate to the BM where they interact with stromal and endothelial cells. These cells, as well as myeloma cells themselves, may be influenced by the T cells and NK cells in the BM microenvironment. Changes in dendritic cells, myeloid derived suppressor cells and eosinophils likely influence myeloma and lytic bone disease progression. Finally, adipocytes impact the immune system and may play an important immune role in the genesis and evolution of myeloma. Here we describe the relationship of these cell populations with myeloma growth and advancement.
Myeloma Stem Cells: Progenitor Cells
Plasma cells are terminally differentiated cells of the B cell lineage with limited proliferative potential [24] [25] [26] . As such, a hypothesis has recently been generated that this cell lacks the suitable properties to ensure self-propagation considered the sine qua non of a malignant clone. In myeloma, the post-germinal memory B cell possesses many of the required properties capable of self-renewal and differentiation into a mature plasma cell with the clonally restricted light chains [27, 28] .
Myeloma progenitor stem cells have been described experimentally by depleting bone marrow of mature CD138 Plasma Cells and the Bone Marrow Stroma B cell development ends with the production of plasma cells (PCs), terminally differentiated, non-dividing cells whose function is to secrete antigen-specific antibodies [34] . Disease progression in myeloma is described by an increase in clonal plasma cells that secrete a monoclonal immunoglobulin. These cells home to the bone marrow through CXCR4/CXCL-12 (stromal derived factor 1/ SDF1)) interactions [34, 35] .
Adhesion molecules such as CD44, LFA-1, CD56, syndecan-1, and MPC-1 mediate their attachment to either extracellular matrix (ECM) proteins or bone marrow stromal cells (BMSC) and play a vital role in the pathogenesis of disease progression [36, 37] . MM cells bind to BMSCs and to the ECM mediated by VLA-4 to VCAM-1 and by syndecan-1 (CD138) to type I collagen plus VLA-4 to fibronectin. This binding causes homing of the tumor cells to the BM microenvironment and stimulates interleukin 6 (IL-6) transcription and secretion from BMSCs which aids the paracrine growth of MM cells [38] . CD138 is probably the most important adhesion molecule associated with MM. This protein is a regulator of tumor cell growth and survival and is involved in bone cell differentiation. Syndecan-1 is shed from the surface of most MM cells and has multiple roles in the pathogenesis of MM [39] . Acquisition of other adhesion molecules on plasma cells, such as CD11b, CD44, and RHAMM, occur during disease progression [40] . Targeting adhesion molecules may play a direct role in the response of MM to therapy.
The BMSCs in myeloma act to produce numerous cytokines and chemokines responsible for plasma cell migration and survival. The interaction of myeloma PC with its BM microenvironment is important for the homing pattern, survival, and proliferation of malignant plasma cells [41] . Stromal production of CXCL-12 facilitates migration of mature PC to the BM [34] through binding to CXCR4 on plasma cells.
IL-6 is a key cytokine in the pathogenesis and disease progression of myeloma and is produced by both the BMSC and MM cells [42] . IL-6 effects on plasma cells occurs through an autocrine mechanism whereas a paracrine mechanism produces IL-6 by bone marrow stromal cells through an interaction between adhesion molecules present on myeloma plasma cells and their respective receptors present on BMSCs and osteoblasts [37] . Serum levels of IL-6 and the soluble IL-6 receptor (sIL-6R) inversely correlate with disease-free survival. Furthermore, high sIL-6R serum levels correlate with poor response to chemotherapy [43] . A recent murine study showed that an IL-6R knockdown-DC vaccine enhanced tumor-specific CD8+ CTLs and generated more CD8+ memory T cells, leading to prolonged survival of tumor-bearing mice [44] .
Tumor necrosis factor alpha (TNF-α) acts as a proinflammatory immunoregulatory cytokine and is a prominent mediator of immune regulation [45] . TNF-α stimulates IL-6 secretion in bone-marrow stromal-cells and induces the expression of adhesion molecules [46] IL-6 is not only important for myeloma tumor cell development but also plays a critical role in OC development. Osteoclasts produce high levels of IL-6 when grown in co-culture with MM cells which further enhances MM cell growth and inhibits apoptosis [57, 58] . Although its precise role is still under debate, IL-6 production by OCs may increase MM tumor burden, and lead to enhanced bone destruction. Insight into the exact nature of this relationship was recently clarified through the link connecting OC bone disease and IL-17. Specifically, the elevated IL-6 levels in myeloma bone marrow skews T cells towards an IL-17 producing phenotype [8] . Increased IL-17 secretion by these BM T cells results in up-regulation of RANKL and increased OC formation. To underscore the importance of the immune response in MM-induced bone disease, IL-17 concentrations (and its associated pathway: IL-1β and IL-23) in the BM plasma of MM patients statistically correlated to the extent of bone disease in these patients. Interestingly, no correlation was observed with total plasma cell numbers and bone disease. Further evidence shows that expression of the IL17 receptor on MM plasma cells leads to IL-17-mediated growth of plasma cells [59] and that MM antigen presenting cells (APCs) also produce IL-17 [6] . Taken together, targeting IL-17 production in MM could have a significant therapeutic benefit for bone disease, immune function as well as anti-tumor control.
Interferon gamma (IFNγ) can overcome RANKLinduced OC formation in in vitro studies [60] . It has been previously shown that activation of T cells or marrow infiltrating lymphocytes (MILs) with anti-CD3/CD28 beads augments anti-myeloma specificity by inducing a potent Th1 phenotype that produces high levels of IFNγ [21] . In fact, activated MILs (aMILs) co-cultured in an osteoclast outgrowth assay significantly blunted OC outgrowth [8] . The role of aMILs on control of OC is being examined in a current clinical trial of adoptive immunotherapy with activated MILs in MM.
IL-3 levels in BM plasma from patients with MM are increased in approximately 70% of patients compared with healthy controls. IL-3 increased OC formation and MM cell growth in vitro [61] . IL-3 acts as a bi-functional mediator of MM bone disease, increasing osteoclasts and simultaneously suppressing osteoblast formation. Unlike DKK-1, which directly suppresses osteoblast formation, IL-3 works indirectly to blunt the growth of osteoblasts and is mediated by CD45
+ monocytes/macrophages in both human and mouse primary culture systems [62] .
T Cells
T cells play a central role in cell-mediated immunity. In recent years it has been shown that the bone marrow is a reservoir of effector memory T cells (T EM ). In melanoma it has been shown that the BM may be an important compartment for tumor surveillance harboring a tumorspecific memory T-cell pool in addition to effector T cells [63] . Similarly, the identification and characterization of a functionally enhanced T EM in the BM of patients undergoing total joint replacement for osteoarthritis has been described [64] . Another example in patients with thymoma-associated pure red cell aplasia reports the expansion of CD8 + /perforin + T EM cells in the bone marrow of these patients [65] . A dendritic cell based vaccine trial in myeloma showed that T cells from the tumor microenvironment of patients with progressive myeloma generate strong, tumor-specific cytolytic responses to autologous, tumor-loaded dendritic cells more so than cells from the peripheral blood (PBL) of these patients [66] . Marrow infiltrating lymphocytes (MILs) from MM patients show a significant tumor specificity as compared to the PBL of the same patient upon activation with anti-CD3/anti-CD28 beads [21] . However, the profound global immunesuppression associated with myeloma prevents the generation of an effective, endogenous, anti-myeloma effect of the MILs.
The bone marrow is a reservoir of regulatory T cells (Tregs) in normal donors [67] . However, their role in MM remains less clear. While some groups have reported an overabundance of T-regs [68, 69] many groups are beginning to report a paucity of functional T-regs in myeloma patients [7, 8] . Part of these differences reported in MM lie in the compartment examined (blood vs. BM) as well as the criteria used to define these cells (phenotype vs. functional suppression assays). However, one important emerging characteristic is that profound differences exist between the BM microenvironments of normal as compared to MM patients. As discussed above, IL-6 plays a critical role in determining the fate of CD4 toward Th17 or Treg differentiation [70, 71] . IL-6 and IL-23 in combination with TGF-β activate retinoic acid-related orphan receptor-γt (RORγt) to generate the Th-17 phenotype via MM dendritic cells in a STAT3 dependent manner [6] . IL-17 induces myeloma tumor cell growth and inhibits immune function in myeloma patients [59] . Furthermore, it plays a critical role in osteolytic bone disease in MM [8] . In summary, MM induces profound alterations in the immune function of the BM microenvironment leading to a dramatic reduction in Tregs with a reciprocal increase in IL-17 producing T cells. These data should lead to a re-examination of the role of Tregs in disease progression in MM the results of which may have significant therapeutic implications for future immune-based therapies.
NK and NKT Cells
Natural killer cells (NK) are cytotoxic lymphocytes involved in the innate immune system and implicated in anti-tumor immunity. Natural killer T (NKT) cells are a heterogeneous group of T cells that share properties of both T cells and NK cells and recognize the non-polymorphic CD1d molecule that binds self-and foreign lipids and glycolipids [72] . NKT cells have been shown to be part of a broader repertoire of lipid-specific T cells [73] .
Recently, NK cells have been shown to mediate Agspecific recall responses in several different model systems [74] . Impaired differentiation and function of NK and NKT cells have been identified in MM. Clinical progression in patients with MGUS is associated with the loss of liganddependent IFN-γ production by invariant NK and NKT cells. A critical step in the transition to progressive tumors may be an acquired capacity of the myeloma plasma cells to disable the NKT arm of host resistance [75] . The functional deficit of NK and NKT cells can be overcome using dendritic cells pulsed with the NKT ligand, α-GalCer. Injection of α-GalCer-pulsed DCs led to greater than 100-fold expansion of several subsets of NKT cells in all patients that could be detected for up to 6 months after vaccination. NKT activation was associated with an increase in serum levels of IL-12 and IFN-γ-inducible protein-10. There was also an increase in tumor specific T cells as well as cytomegalovirus specific memory CD8+ T cells after injection of α-GalCer-loaded DCs [76] . Lenalidomide and pomalidomide also increase NK function in myeloma [77] and may be critical in augmenting anti-tumor immunity in myeloma.
Dendritic Cells
Dendritic cells (DC) process and present antigen to T cells and serve as a critical link between the innate and adaptive arms of the immune system. Two distinct subsets of DCs have been defined, namely, the myeloid DC (CD11c+) (mDC) and the plasmacytoid DC (CD11c-CD123+) (pDC) [78] . Dendritic cell function is impaired in patients with myeloma [11] . The absolute number of circulating myeloid and plasmacytoid DC precursors was significantly lower in myeloma patients than in healthy matched controls. Upon maturation, DCs from MM patients showed significantly lower expression of HLA-DR, CD40, and CD80 antigens and impaired induction of allogeneic T-cell proliferation compared with controls. Remarkably, these DCs were incapable of presenting the patient-specific tumor idiotype to autologous T cells. A major contributing factor to this immune dysfunction is believed to be IL-6 mediated.
To address the role of IL-6 induced immune dysfunction, a recent murine study silenced the IL-6 receptor alpha chain (IL-6Rα) in DCs in an attempt to restore the functional competence of DC vaccines in mice with an IL-6-producing tumor and give rise to protective immunity. The IL-6Rα knockdown-DC vaccine significantly enhanced the frequency of tumor-specific CD8+ CTLs producing effector molecules such as IFN-γ, TNF-α, FasL, perforin, and granzyme B, increased CD8+ memory T cells and led to substantially prolonged tumor-free survival [44] .
Several clinical studies have attempted to overcome the intrinsic deficits of antigen presentation through vaccination with ex vivo expanded autologous monocyte-derived DCs. A small study of patients with stage-I myeloma described some success with monocyte derived DCs pulsed with autologous patient idiotype (Id) and keyhole limpet hemocyanin (KLH). Five out of 9 patients (56%) developed Id-specific T cells and 8 out of 9 patients (89%) showed specific T-cell-mediated cytokine release after Id stimulation with minimal clinical responses [19] . Another vaccine strategy combines patient-derived myeloma cells chemically fused with autologous DC's. This affords a broad spectrum of myeloma-associated antigens that are presented in the context of DC-mediated co-stimulation. Seventeen out of the 18 patients in the study responded to the vaccine with antitumor responses and stabilization of disease [79] .
Myeloid Derived Suppressor Cells
Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of cells that expands during cancer, inflammation and infection, and that have a remarkable ability to suppress T-cell responses [80] [82] . Their suppressive function is largely mediated through upregulation of Arginase-1 (Arg-1) which depletes the extracellular matrix of the essential amino acid, arginine, and iNOS [83] . ARG directly promotes tumor progression [84] and iNOS blocks T cell activity through nitration of tyrosine residues inhibiting their phosphorylation and thus T cell function [85] .
The role of MDSCs in solid tumors such as head and neck carcinoma [18] , melanoma [86] , colon [87] , renal [88] , breast [89] , and prostate cancer [90] has been well described. The role of MDSC in hematologic malignancies such as lymphoma [91] and multiple myeloma [18, 68] have also been described although they are less well understood. A recent study showed a 5-fold increase in CD14 + /HLA-DR −/low MDSCs in newly diagnosed MM patients compared to healthy controls [68] . Phospodiesterase-5(PDE-5) inhibitors such as sildenafil and tadalafil can eliminate the suppressive function of MDSC [18] . PDE5 inhibition reverses tumor-induced immunosuppressive mechanisms and enables a measurable antitumor immune response to be generated that substantially delays tumor progression. Sildenafil down-regulates Arg-1 and iNOS expression which reduces the suppressive machinery of MDSC recruited by growing tumors and ultimately removing the tumor escape mechanisms imparted by these cells. PDE-5 inhibitors enhance intratumoral T cell infiltration and activation, reduce tumor outgrowth, and may improve the antitumor efficacy of adoptive T cell therapy. Sildenafil also restores in vitro T cell proliferation of peripheral blood mononuclear cells from multiple myeloma and may therefore be a beneficial treatment for patients with myeloma.
Adipocytes
Adipocytes primarily compose adipose tissue, specialized in storing energy as fat. Age related accumulation of bone marrow adipocytes occurs and is accompanied by a loss of osteoblasts [92] . In addition to their role in fat metabolism, increasing data also suggests a critical role of adipocytes in mediating immune function. A major physiologic process associated with aging is the gradual replacement of the BM mesenchymal stromal elements with adipocytes. These cells release leptin and increase the serum levels of IL-6 [93] . Leptin has been strongly implicated in supporting the growth of hematopoietic malignancies such as myeloma [94] . Leptin activated DCs improve their activity and generate a Th1 response [95] . Leptin also increases IL12 production upon CD40 activation to increase CD8 responses [96] This data would hypothesize a role of leptin in maintaining hematopoiesis, immune response and possible tumor growth within the BM microenvironment in MM.
Immuno-therapeutic Strageties in Myeloma
Evidence clearly points to an altered intrinsic immune response within the BM of MM patients. Strategies aimed at correcting these defects may have signficant therapeutic implications. Several of these approaches are outlined below.
Monoclonal Antibody (mAb) Therapies CD20 is expressed in a fraction of mature plasma cells in patients with multiple myeloma [97] , but is constitutively expressed on the clonogenic precursor memory B cells [25] . The human-mouse chimeric monoclonal antibody against the CD20 antigen, rituximab, has been used in a number of clinical settings in patients with B-cell tumors and has been shown to prolong the progression free survival of indolent B cell lymphomas [98] . Most recently a trial examining the role of rituximab in MM showed the ability of the antibody to bind to the clonogenic MM precursors but did not kill the cells. Interestingly, while this initial approach failed to achieve clinically meaningful outcomes, there was a clinical correlation observed between the reappearance of the clonogenic memory B cell population and subsequent serologic relapse in MM patients (Huff, CA personal communication). However, targeting the clonotypic B-cell fraction or myeloma stem cell fraction, especially in the minimum residual disease stage, theoretically has the potential to prevent relapse although this remains to be proven.
A recent report shows that 20-C2-2b, a bi-specific monoclonal antibody which comprises two copies of IFNα2b and a stabilized F-ab humanized anti-HLA-DR site-specifically linked to veltuzumab (humanized anti-CD20) may be more effective than anti-CD20 therapy alone. In vitro, 20-C2-2b inhibited the growth of eight myeloma cell lines, and was more effective than monospecific CD20-targeted MAb-IFNα or a mixture comprising the parental antibodies in the treatment of MM [99] .
Daratumumab is a novel, high-affinity, therapeutic human mAb against CD38 (an epitope expressed on myeloma plasma cells.) In vitro, daratumumab induced potent antibody dependent cellular cytotoxicity in CD38-expressing myeloma derived cell lines as well as in primary myeloma patient cells. It induces complement-dependent cytotoxicity in patient myeloma cells. Interestingly, daratumumab-induced antibody dependent cellular cytotoxicity and complement dependent cytotoxicity which was not affected by the presence of bone marrow stromal cells implies the ability of this antibody to effectively kill myeloma tumor cells in a tumor-preserving bone marrow microenvironment. Low dose daratumumab was also highly effective in a murine model in vivo. The data generated may support the development of this drug clinically [100] .
Denosumab (AMG 162) is a fully humanized monoclonal antibody that targets RANKL and has been developed and used for the treatment of osteoporosis, rheumatoid arthritis, bone metastases and the lytic bone disease associated with multiple myeloma [101] [102] [103] . Because it targets RANKL, denosumab inhibits the formation, function, and survival of osteoclasts. Several ongoing clinical studies using denosumab alone or in the context of bisphosphonate therapies have shown that targeting RANK/RANKL signaling may prevent skeletal complications in patients with myeloma [104, 105] .
Immunomodulatory Drugs
Immunomodulatory drugs or IMiDs are structural and functional analogues of thalidomide that work as immunomodulators for the treatment of a variety of inflammatory, autoimmune, and neoplastic diseases including multiple myeloma [106] .
Lenalidomide, is a second generation IMiD and analogue of thalidomide. It possesses immunomodulatory and antiangiogenic properties as well as direct apoptotic properties which culminate in cancer cell death either through direct interference with key functions of tumor cells or indirectly through modulation of signaling pathways that regulate their interaction to bone marrow immune cells. However, the exact clinical immunomodulatory effects of lenalidomide remain to be elucidated [107] . Dexamethasone is often used in conjunction with lenalidomide. However a recent study has shown that dexamethasone synergizes with lenalidomide to inhibit multiple myeloma tumor growth, but reduces the capacity of lenalidomide-induced immunomodulation of T and NK cell function [108] . In vitro studies have shown enhancement of T cell cytokine generation, chemotaxis, proliferation and survival [109] as well as decreases in the proliferation and function of Tregs with lenalidomide [110] . Clinical data in a small trial showed the ability of lenalidomide to augment both humoral and cellular vaccine specific responses to the polyvalent pneumococcal vaccine, Prevanr, in patients with relapsed myeloma [111] . Further studies will be needed to fully elucidate the immune potentiating clinical effects of lenalidomide.
Pomalidomide, another thalidomide analogue, with potent anti-myeloma activity, also possesses immunomodulatory properties. It has T cell costimulatory activity that enhances durable, antigen-specific Th1 type response in vivo [112] and decreases the proliferation and function of Tregs [110] . Furthermore, pomalidomide directly impacts myeloma associated lytic bone disease by inhibiting osteoclast production and function [113] .
Adoptive T Cell Therapy
Adoptive T cell therapy (ACT) offers the possibility to deliver a greater percentage of antigen specific T cells that potentially impart durable responses and overcome endogenous immunosuppressive mechanisms. In a recent phase 1/ 2 two-arm trial, 54 patients with myeloma received autografts followed by ex vivo anti-CD3/anti-CD28 cos-timulated autologous T cells at day 2 after transplantation. Arm A of the study received activated peripheral blood lymphocytes (aPBL) that had previously been exposed to a vaccine of h-TERT, Survivin, CMV and Prevnar. Arm B was only pre-vaccinated with the Prevnar vaccine. The anticipated result was that patients positive for HLA-A2 who received the hTERT/survivin vaccine (arm A) might show better myeloma control. However, patients in arm A exhibited an inferior event free survival (EFS) compared with patients in arm B with no difference in overall survival (OS.) [114] . Previous trials in myeloma infusing autologous activated peripheral blood T cells in the context of an autologous transplant imparted an accelerated and profound in vivo expansion of T cells. However there was no myeloma specific response found in these patients [115] .
In solid tumors, such as melanoma, tumor infiltrating lymphocytes (TILs) are most often used for expansion in adoptive T cell therapy [116] . Although these T cell expansions are lengthy and expensive, when clinical results are produced in patients they are profound. The T cells used in these expansions have been both previously exposed to tumor antigen but also tolerized by their immune microenvironment. However, removing the T cells from this suppressive environment, and activating and expanding them with clonal restriction restores the previously tolerized function of these cells [117] .
Coupling this experience with the current literature that the bone marrow is a privileged site for effector memory T cells [63] with the bone marrow being the site of tumor in myeloma, supports the preferential use of marrow infiltrating lymphocytes (MILs) as opposed to peripheral blood lymphocytes (PBL) in adoptive immunotherapy for myeloma patients. T cells from myeloma bone marrow, upon activation with anti-CD3/anti-CD28 beads, show a significant tumor specificity as compared to the PBL of the same patient [21] . The specificity of these cells was not only to mature plasma cells but also their clonogenic precursors. Furthermore evidence of both IFNγ production and cytotoxicity towards tumor cells was greater in the MILs than the PBLs from the same patient. MILs, compared to PBLs, had increased expression of CXCR-4 which favored their ability to traffic towards an SDF-1 gradient which might impart their ability to traffic back to the bone marrow, the site of tumor in myeloma. These data suggest that the use of MILs over PBsL may be a superior approach for adoptive T cell therapy in myeloma.
Myeloma Vaccines
Vaccines designed for use in cancer immunotherapy differ greatly from infectious vaccines. Cancer immunotherapy vaccines are attempting to mount an immune response against a previously established tumor burden rather than to prime immune responses in a prophylactic manner as with infectious vaccines.
Wilms Tumor1 (WT1) and Proteinase-3 (Pr3) are presented in the context of major histocompatibility complex (MHC) class I epitopes on leukemic blasts, and are potentially immunogenic. Another candidate tumor antigen is the mucin 1 protein (MUC1) [118] . Many studies have investigated the use of these target antigens as possible vaccine strategies in other hematologic malignancies [119, 120] . However, a recent study showed that these vaccine strategies employed on advanced stage cancer patients could not produce T cells that proliferated nor secreted cytokines upon peptide stimulation and in fact T cells were depleted rather than rescued after vaccination [118] .
It bears mentioning that overcoming profound immunologic deficits, especially in patients with large tumor burdens, may be overwhelming for the current vaccine strategies. More effective use of a vaccine for myeloma may be to integrate it in the setting of minimal residual disease. With the current treatment paradigms and successes being seen with them, the two obvious settings would be either in the post-transplant setting where the possibility to skew the developing immune response towards greater tumor recognition during the period of immune reconstitution offers significant theoretical and practical advantages [121] . However, this must be weighed with the intrinsic immunosuppression accompanying transplantation. One approach that has been utilized to overcome this has been the integration of myeloma vaccines with adoptive T cell therapy strategies. In a recently published report of activated peripheral blood T cells administered in combination with HLA-A2-restricted hTERT and survivin, no significant improvement in overall survival was observed in MM patients undergoing an autologous peripheral stem cell transplant [114] despite the fact that it had previously been shown that pre-transplant vaccinations can be effective adoptively transferred when the T cells are infused early in the post-transplant period [122] . An alternative approach is the integration of a vaccine strategy with an immunomodulatory agent. To this effect, we currently have a clinical study in which patients on lenalidomide with an undetectable monoclonal protein spike but still showing evidence of immunofixation positivity of their plasma cell clone will be maintained on lenalidomide and will be vaccinated with a GM-CSF cell based allogeneic myeloma vaccine. This strategy aims to integrate the immunomodulatory aspects of lenalidomide with a minimal residual disease state with a MM-specific vaccine.
PDE-5 Inhibitors
PDE-5 inhibitors, such as sildenafil and tadalafil, abrogate the suppressive function of MDSC [18] . PDE5 inhibition reverses tumor-induced immunosuppressive mechanisms and enables a measurable antitumor immune response to be generated that substantially delays tumor progression. Sildenafil down-regulates Arg-1 and iNOS expression through downregulation of IL4Rα and destabilization of the mRNA encoding for iNOS, respectively. Furthermore, PDE-5 mediated inhibition of MDSCs also reduces the generation of Tregs as an additional mechanism resulting in enhanced immune responsiveness [91] . Clinical studies are currently planned to add PDE-5 inhibitors to standard MM therapy in an effort to augment anti-tumor efficacy.
Conclusion
Increasing evidence exists pointing to the role of the immune microenvironment of the BM that significantly contributes to disease progression in MM. The interaction of the myeloma tumor cells with the bone marrow stroma, osteoclast, osteoblasts, T cells, dendritic cells, MDSCs and adipocytes enables the tumor to survive and evade immune recognition. Our increasing understanding of these mechanisms has also led to the development of numerous therapeutic strategies targeting many of these pathways. These advances coupled to our ever-increasing understanding of these tumor-associated immunosuppressive mechanisms will eventually result in the development of either combinatorial immune based therapies or integration of immunotherapeutic approaches with conventional cytotoxic approaches. While not likely to show considerable anti-tumor efficacy alone, the field is quickly approaching a point in which these approaches will enter into the standard armamentarium of treatment options. 
